A gas-liquid chromatographic procedure has been developed to quantitate dipicolinic acid in bacterial spores. The culture, washed from a plate, was hydrolyzed with acid containing the internal standard, pyridine-2,4-dicarboxylate, and then extracted into methyl isobutyl ketone. The internal standard and dipicolinic acid were then extracted into a small volume of trimethylphenylammonium hydroxide. Injection of the resultant quaternary ammonium salts into a gas chromatograph yielded, via thermal decomposition, the methyl ester derivatives of the dipicolinic acid and the internal standard. The amount of dipicolinic acid in the sample was determined from a standard curve. The method was sensitive to 100 ng of dipicolinic acid per sample and was 1,000 to 5,000 times more sensitive than the commonly used methods. Preparation of the sample required less than 1.5 h and less than 15 min of the analyst's time.
Dipicolinic acid (DPA) occurs in substantial amounts (5 to 14% dry weight) in bacterial spores, including the species of Bacillus and Clostridium (7) . Currently, if spores are not readily detectable in stained smears, their presence is determined by a 24-to 48-h procedure involving heat treatment of the culture to kill vegetative cells followed by incubation to germinate surviving spores. However, the method is time-consuming and may be inconclusive for species such as Clostridium perfringens, C. ramosum, and C. botulinum, which sporulate poorly and contain heat-labile strains. A rapid, sensitive, quantitative measure of the DPA content of cultures suspected to contain Clostridium would be useful to indicate the presence of these sporeforming organisms.
Available methods for measuring DPA involve isolation and spectrophotometric determination of the free DPA or of DPA-metal complexes. These procedures are either laborious and time-consuming (4, 5, 8) or lack sensitivity at the nanogram range (3, 4, 5, 8) . This communication presents a convenient gas-liquid chromatography (GLC) method for the quantitation of DPA in cultures that is 1,000 to 5,000 times more sensitive than the methods currently available (3) (4) (5) 100/120 mesh Gas Chrom Q (Applied Science). A 1-mV recorder was used. The injection port was maintained at 310 C and the column at 160 C. The carrier gas was nitrogen at a flow rate of 55 to 60 ml/min. Procedure (i) Sample preparation and quantitation. A 0.5-ml sample of culture wash was added to a 15-ml glass-stoppered conical centrifuge tube containing 0.50 ml of internal standard solution. The samples were stoppered and incubated for 1 h at 65 C on a Temp-Blok module heater (Lab-line Instruments, Inc., Chicago, Ill.). After cooling with tap water, 1 g of solid ammonium sulfate (certified American Chemical Society, Fisher) was added, and the sample was briefly mixed on a Vortex mixer. A 5-ml volume of MIBK was added, and the tube was shaken vigorously by hand for 1 min and then centrifuged at 600 x g for 1 min. Nearly all of the MIBK extract (upper phase) was transferred into a 5-ml glass-stoppered conical centrifuge tube with a disposable Pasteur pipette. It was not necessary to transfer all the MIBK extract, but care was taken to avoid transferring any of the aqueous phase. A 30-Al volume of the aqueous TMPH reagent was used to extract the DPA and internal standard from the MIBK. The contents of the tube were shaken and centrifuged as above. A 10-1I syringe was prewetted with water, the needle was wiped, 5 plA of the TMPH extract was drawn into the syringe, the needle was wiped again, and the sample was slowly injected at a rate of approximately 1 ,ul per 3 s into the chromatographic unit. The rate of injection was found to influence the solvent response, and the peak heights as previously reported (6) . Typical results are shown in Fig. 1 .
(ii) Standard curve. Samples were prepared as described above except that 0. RESULTS AND DISCUSSION Method of sample preparation. The approach taken in the development of this method for measuring DPA in bacterial spores was based on the following rationale.
(i) The internal standard was added to the sample with the spore-hydrolyzing agent so that the internal standard would be exposed to the same physical conditions and chemical reactions as the bacterial DPA during sample processing. The internal standard, a structural analogue of DPA, was extracted and underwent derivatization in a manner similar to DPA.
(ii) Sulfuric acid was used not only to hydrolyze the bacterial spores (8) , but also to disrupt the calcium-DPA complex form of DPA in spores (7, 9) (6) . Identity and purity of the DPA derivative. The dimethyl ester derivative of the DPA from bacterial spores by our procedure of flash alkylation was compared by combined GLC-mass spectral analysis to the DPA dimethyl ester prepared by diazomethane alkylation of commercially prepared DPA. The GLC retention times and mass spectral fragmentation patterns were identical for both derivatives. Similarly, the dimethyl ester of the internal standard, added to a bacterial sample and prepared by our procedure, gave results on combined GLC-mass spectral analysis identical to the dimethyl derivative prepared by diazomethane alkylation. The only fragments seen on mass spectral analysis of the DPA and the internal standard derivatives were those predicted from the parent compounds. Further, no other methylated dicarboxylic acid derivatives of pyridine were observed in the bacterial preparations.
Recovery and precision of the method. The recovery of DPA from bacterial samples was determined by the addition of known amounts (100 ng to 25 ,ug) of commercially prepared DPA to identical 0.1-ml aliquots of a C. bifermentans sample that had been previously analyzed and found to contain 88.8 jig of DPA per ml of culture wash. The data from this experiment, plotted as the ratio of the DPA peak height to the internal standard peak height versus the amount of added DPA, resulted in a straight line, intercepting the Y axis at a peak height ratio value corresponding to the amount of DPA in the bacterial sample. Precision was measured by analyzing three Clostridium samples containing 20 to 90 jig of DPA per ml of culture wash at least seven times each. These data are summarized in Table 1 . The relative standard deviations varied between 2.7 and 12.8% Sensitivity and applicability of the method. Table 2 summarizes the composite results of analyzing the culture washes of a variety of bacteria for DPA by the procedure described herein. The procedure is sensitive over a wide range of concentrations of DPA from 100 ng to 100 ,ug. Higher concentrations of DPA can be accommodated by diluting the sample. Lower amounts can be measured by centrifuging the culture wash to concentrate the bacteria and analyzing the pellet material for DPA.
The method requires only 15 min of the analyst's time and a result can be obtained within 1.5 h after harvest of the culture. Microscopy visualization of spores could require several hours of an analyst's time to prepare and exam- Several species of Clostridium are difficult to identify with certainty because they either rapidly lose their ability to retain crystal violet stain, they lack detectable spores, or they fail to produce butyric acid as a metabolic end product. Of these three factors, only the detection of spores places an anaerobic bacillus in the genus Clostridium. Presently, there is no one culture medium that is optimal for stimulation of spore production in all strains. An alternative to sporulation medium is heat shock, but results must be viewed with caution since several factors affect thermal resistance and outgrowth of spores, and since some spores demonstrate poor heat resistance. The procedure described here was devised for the rapid recognition of sporeforming bacteria by detection of DPA from cultures in which spores could not be found microscopically. The detection of DPA in all the Clostridium and Bacillus species tested (including two C. perfringens and one Clostridium species from which no spores were observed on Gram-stained smears) and the failure to detect DPA in the nonclostridial anaerobic gram-positive bacilli (Table 2) indicate that detection of DPA can be equated to the presence of spores or sporeforming bacteria, and that DPA can be found in cultures with no obvious spores on Gram-stained smears.
This technique could be applied clinically for the rapid detection of Clostridium species and for distinguishing these bacteria from the nonsporulating anaerobic bacilli. Such information would be helpful to physicians in their presumptive diagnosis and treatment and should reduce by several days the time required for a tentative genus identification of some Clostridium isolates. It may also be possible to apply the technique directly to clinical specimens such as tissue, pus, and body fluids containing large numbers of bacteria but containing few spores.
APPL. ENVIRON. MICROBIOL.
In addition, the detection of nanogram quantities of DPA may be useful taxonomically as an indicator of spores in anaerobic bacilli of uncertain classification.
